The aim of the present study was to assess the effects of porcine circovirus type 2 (PCV2) on porcine embryos and their receptor sows during the first 21 days of pregnancy. Hatched blastocysts exposed to 10 5.0 TCID 50 PCV2 per ml (strain 1121, fifth passage PK15) and negative control embryos were transferred to PCV2-immune receptor sows at the 7th day of the cycle. Two weeks after transfer (D21), the receptor sows were euthanized and embryos were recovered. They were assessed macroscopically for viability and examined for viral antigen-positive cells by immunoperoxidase staining. The embryonic survival rate of the PCV2-exposed embryos (6.4%, 7 viable embryos out of 110 transferred) was significantly lower than the survival rate of the negative control embryos (65.4%, 34 viable embryos out of 52 transferred). All of the non-viable PCV2-exposed embryos (n = 9) displayed immunohistochemical positive signals for PCV2-antigen in degenerated tissues. In the PCV2-exposed embryos that were categorized as viable at D21, small clusters (n = 4) or no PCV2-positive cells (n = 3) were detected. The pregnancy results of the receptor sows that received PCV2-exposed embryos (1/5) were considerably different from the negative control receptors (2/2), with 3 out of 5 sows displaying a regular return to oestrus.
Introduction
Porcine circovirus type 2 (PCV2) is a widespread, circular, single-stranded DNA virus, recognized as the causal agent of post-weaning multisystemic wasting syndrome (PMWS) [1] . This syndrome, associated with substantial economic losses in the pig industry worldwide, is clinically characterized by wasting, paleness of the skin and increased mortality in weaned pigs. PCV2 infection of pregnant sows can also cause fetal death leading to mummification or late-term abortion. Several field reports have described the detection of PCV2-antigens mainly in heart lesions of aborted or mummified fetuses from swine herds that were recently primary infected with PCV2 [2] [3] [4] [5] . Intrafetal inoculation experiments with PCV2 in different fetal stages of development confirmed its pathogenic capacity in fetal tissues [6] [7] [8] . Recently, transplacental spread of PCV2 leading to abortion was also experimentally induced after intranasal inoculation of sows serologically negative for PCV2 at 92 days of gestation [9] . www.theriojournal.com Theriogenology 68 (2007) [896] [897] [898] [899] [900] [901] In general, next to transplacental spread after viraemia, viral contamination of female or male gametes can also induce a vertical transmission of virus. For PCV2, using nested PCR assays, viral DNA was demonstrated in 11% of the cumulus oocyte complexes of sows with PCV2-antibodies [10] and intermittently in semen samples of experimentally and naturally infected boars [11] [12] [13] . Research on the infectivity of these contaminated gametes is limited. In an experimental model, mimicking the effects of using PCV2-contaminated semen, Cariolet et al. [14] were able to cause a vertical transmission of PCV2 after intrauterine insemination of virus-spiked semen. This resulted in virus replication in fetal stages of development leading to fetal death and mummification. Previous work of our group has shown that the zona pellucida forms a barrier against PCV2 infection. Posthatching, PCV2 can infect porcine blastomeres after in vitro virus incubation. However, no influence on in vitro embryo development and no degenerative processes could be detected during a 48 h period following virus inoculation [15] . This raises concerns for the risk of virus transmission through embryo transfer since morphological criteria that are used to select transferable porcine embryos cannot distinguish PCV2-infected from PCV2-free morulae and blastocyts. To date, it is unknown which effects PCV2 infection of embryos may have further on during pregnancy. The aims of this study were to investigate the effect of transferring PCV2-exposed porcine embryos on (i) viability and extent of infection of the embryos at 14 days after transfer, and (ii) pregnancy results of sows.
Materials and methods

Collection of in vivo derived porcine embryos
A total of 25 multiparous (parity 2-5), PCV2-infection immune sows (Rattlerow-Seghers sows) were used in the present study. The sows were superovulated using PMSG (Folligon 1 1500 IU im) 3 days after weaning, followed by hCG (Chorulon 1 1500 IU im) 72 h later. The sows were fixed-time inseminated with boar semen of Piétrain boars of proven fertility, 24 h after hCG administration and slaughtered 6 days postinsemination. The reproductive tracts were removed and transported to the laboratory in a pre-warmed box (39 8C) within 30 min after slaughter. The uterus was flushed with 500 ml of Dulbecco's PBS supplemented with 2% foetal bovine serum (FBS). After 10 washings [16] , blastocysts (n = 235) were cultured in NCSU-23 [17] supplemented with 2% foetal bovine serum (FBS) at 39 8C in 5% CO 2 in air for 24 h until they reached the hatched blastocyst stage (n = 212).
Porcine circovirus type 2 (PCV2) exposure
PCV2 strain 1121 was used for inoculation. It was originally obtained from a pool of lungs, liver and spleen of dead fetuses/piglets at partum [2] and further passaged five times in PK-15 cells. The hatched blastocysts were placed in 1 ml of minimum essential medium (MEM), containing 10 5.0 tissue culture infectious doses 50% end point (TCID 50 ) and incubated for 1 h at 39 8C in an atmosphere of 5% CO 2 in air. Negative control embryos were incubated under the same circumstances in MEM without PCV2. After 1 h of exposure, all embryos were washed 10 times in NCSU-23 medium and divided at random in groups of approximately 23 embryos, which were put into straws. As positive controls, embryos incubated with PCV2 were cultured at 39 8C in 5% CO 2 in air for 48 h, fixed in 4% paraformaldehyde and examined for PCV2-antigens using indirect immunofluorescence (IIF) [15] .
Experimental design
Hatched blastocysts (n = 182) were surgically transferred as described by Hancock and Hovell [18] on the 7th day of the cycle to a total of eight synchronised PCV2-infection immune sows. Donor and receptor sows had been vaccinated against porcine parvovirus, Erisopelothrix rhusiopathiae and pseudorabies virus. On average 23 embryos were transferred per sow. Five receptor sows received hatched blastocysts that were PCV2-exposed, whereas three control sows received negative control embryos. After the embryo transfer, sows were clinically evaluated (general condition, rectal temperature and appetite) on a daily basis for 14 consecutive days after which the sows were euthanized and their genital tracts examined. Uteri were opened and embryos were collected and scored macroscopically. Embryonic remnants lacking the normal morphologic structure of a porcine embryo 21 days after insemination were categorized as non-viable. A sow was defined as being pregnant when viable embryos were recovered from the uterus. An embryonic survival rate of a sow was defined as the number of viable embryos collected at D21 divided by the number of transferred embryos at D7. Serum samples from receptor sows were taken the day of the embryo transfer and 14 days later and tested for antibodies against PCV2 using an immunoperoxidase monolayer assay (IPMA) as described by Labarque et al. [19] .
Detection of viral antigen expression in day 21 embryos
Embryos were fixed in 4% paraformaldehyde, embedded in paraffin and sections were made with intervals of 15 mm. Immunoperoxidase staining was performed to detect PCV2-positive cells. Slides were suspended in a sodium citrate buffer solution before being placed in a microwave of 800 W for antigen retrieval. After being rehydrated in ethanol solutions (100%, 95%, 70% and 50%) slides were washed with a TRIS buffer solution. Subsequently, slides were incubated in a TRIS buffer with sodium azide (10%) and hydrogen peroxide (0.5%) to block the endogenous peroxidase activity. Following three 5 min washes in a TRIS buffer, slides were incubated for 1 h at 39 8C with a 1:100 dilution of PCV2 monoclonal antibody (F190) [20] . Monoclonal antibody 13D12, directed against pseudorabies virus protein gD [21] was used as a control. Afterwards, slides were washed with TRIS, incubated for 1 h with biotinylated goat-anti-mouse secondary antibodies (Dako, Denmark) and washed again with TRIS. Next, the slides were incubated for half an hour with streptavidin-biotin HRP solution (Dako, Denmark). The reaction was visualized with 3,3 0 -diaminobenzidine (Dako Liquid DAB plus, Dako, Denmark). A haematoxylin-eosin staining was performed to identify organs and degenerative processes. After mounting the embryos in glycerol with 1,4-diazabicyclo (2.2.2) octane (25 mg/ml), embryonic structures and organs were evaluated for antigenpositive signals using a Leica DM/RBE fluorescence microscope at a magnification of 400Â and 600Â.
Statistical analysis
Antibody titres against PCV2 of the receptor sows were compared between the two groups of sows at the day of ET (D7) and 14 days after ET (D21) using a Kruskal-Wallis test. Differences in pregnancy results and the ratio of viable embryos between the two groups of sows was analyzed using Chi-square analysis. Fisher's exact tests were applied when small numbers were involved. Variables were considered to be significant at a 0.05 level (two-sided). The statistical analyses were performed using SPSS (SPSS 14, SPSS Inc., Illinois, USA, 2006).
Results
Clinical monitoring and antibody titres against PCV2 of receptor sows
None of the receptor sows developed clinical signs in the 2-week period following the embryo transfer. One sow belonging to the control group was injured the day of embryo transfer and became lame. For that reason, she was taken out of the experiment. The antibody titres against PCV2 the day of ETand 14 days later were similar for negative control sows and sows that had received PCV2-exposed embryos. Also, none of the sows showed any rise in antibody titres against PCV2, 14 days after ET.
Pregnancy results after embryo transfer
The two sows that received negative control embryos were pregnant 14 days after ET (A and B). They contained viable embryos and had active corpora lutea. In two out of the five sows that received infected embryos, embryos and corpora lutea were detected (C and D). However, the embryos of sow D were not viable and therefore the sow was designated as not pregnant. The remaining three sows that had received PCV2-exposed embryos were not pregnant (E, F and G). Embryos were not found and the sows had follicles of 6-10 mm in diameter without any corpora lutea on the ovaries. These sows also displayed early oestrous symptoms 14 days after ET. 
Sow A* was taken out of the experiment because she showed severe lameness the day after ET.
Macroscopic scoring of embryos 14 days after ET (Table 1)
A significantly lower embryonic survival rate was detected in sows that had received PCV2-exposed embryos (6.4%, 7/110) compared to the survival rate in the negative control sows (65.4%, 34/52) (P < 0.05) Table 1 .
Histological and immunohistochemical assessment of embryos
All 30 positive control embryos that were examined by IIF 48 h after PCV2 incubation had PCV2-positive cells (on average 5.3% per embryo). None of the embryos collected from negative control sows showed PCV2-positive signals. It was impossible to distinguish different organs in the non-viable embryos since they were highly degenerated, but PCV2 antigens were detected in tissues of all non-viable embryos collected from sows that had received PCV2-exposed embryos. In four out of the seven viable embryos recovered from sows that received PCV2-positive embryos, individual or small clusters of PCV2-positive cells were detected in the placenta (2/4), the mesonephros (2/4, Fig. 1 ), the neural tube and the liver (2/4). In the remaining three viable embryos, PCV2-positive signals were not detected.
Discussion
A number of studies have already used the porcine ET model to gain more insight in the effect of viruses on embryos and receptor sows [22, 23] . In the present study, the virological and clinical outcome of transferring PCV2-exposed embryos was investigated on embryo and sow level. Results showed that a PCV2 infection of embryos can lead to embryonic death and subsequent pregnancy loss.
The embryonic survival rate of PCV2-exposed embryos (6.4%) was significantly lower than that of the negative control embryos (65.4%) which was comparable to common survival rates (60%) after porcine surgical ET [24] . In three out of the five sows receiving PCV2-exposed embryos, major embryonic losses must have occurred before the 12th day of gestation because these three sows experienced a regular return to oestrus. Sows having less than four viable embryos in the uterus at the 12th day of the cycle will not maintain pregnancy and can return to oestrus around D21 [25] . Since preimplantation embryos before 14 days of age are totally resorbed within 5 days after embryonic death [26] , it was impossible to detect or analyse any embryonic remnants of embryos that died before the 12th day of the cycle at the end of the experiment (D21). Although hard conclusions concerning the cause of these early embryonic deaths cannot be drawn, it is expected that PCV2 infection was involved.
In the two remaining sows that received PCV2-exposed embryos and did not show a regular return to oestrus, a total of nine non-viable, degenerated embryos were found. In one of these sows, also seven viable embryos were collected. In all of the non-viable embryonic remnants, clusters of PCV2-positive cells were detected in degenerated tissues. In four out of the seven viable embryos, individual or small foci of PCV2-positive cells without any gross histological lesions were detected in the placenta, the mesonephros, the neural tube and the liver. We could not detect any PCV2-positive signal in the three remaining viable embryos. There seems to be an individual difference in susceptibility of embryos for a PCV2 infection since in a small proportion of the embryos only minimal amounts or no antigen-positive cells were detected 14 days after virus inoculation. The embryos that were transferred to a receptor originated from different donor sows as they were randomly allocated to the receptors. This individual different susceptibility for PCV2 infection has already been described in foetuses and piglets by several authors [7, 27] . Another possible explanation for the fact that three embryos became negative for viral antigens 14 days after transfer may be related to apoptosis, the process that embryos use during mammalian preimplantation development to eliminate unwanted or damaged cells [28] . Since 48 h after the virus inoculation only a small proportion of the blastomeres (on average 6%) of the hatched blastocysts were infected [15] , it is possible that through a confined apoptotical process this limited number of infected cells were expelled without any effect on further embryonic development [29] . Further research will focus on possible apoptotic effects PCV2 will have on embryos. The finding that four embryos had PCV2-positive cells in specific organs without producing excessive damage raises the question whether a persistent PCV2-infection of embryos can occur. In the present study, embryos were analyzed only 14 days after inoculation, which means that the time period was too short to really define the embryos as being persistently infected. A persistent viral infection may explain how PCV2 can cover the time period between the moment of intra-uterine inoculation at insemination and the start of pathology in several foetal stages of development as described by Cariolet et al. [14] . In this case, the factor that would trigger the increase in replication of PCV2 still remains to be identified.
The organ distribution of PCV2-positive cells in the viable embryos was different from that in foetuses and neonates where the heart and lymphoid tissues, respectively, were the main target organs [7] . It is known that in cell cultures, PCV2 requires actively dividing cells for replication [30] . Developing embryonic stages are full of mitotic activity, but only a few organs had PCV2-positive cells. This means that in embryos, next to the mitotic factor also other factors play a role in the replication of PCV2.
In the present study, immune receptor sows were used. They had high virus-antibody titres at the moment of embryo transfer. None of the receptor sows in the study showed clinical symptoms or seroconverted against PCV2 in the 14 days after ET. This suggests that the virus that was replicating in the embryos did not replicate in maternal tissues. This is in accordance with serological and clinical results after intra-uterine or intra-fetal inoculation of PCV2 where a serological response was never detected until 4 weeks after inoculation and where no clinical symptoms apart from fetal death and mummification were observed [6, 14] . The pregnancy result after ET with PCV2-exposed embryos (1/5) was considerably lower than the ET result using negative control embryos (2/2). The difference was not statistically significant due to the small numbers of receptor sows involved.
The results of the present study show that transferring PCV2-exposed embryos to PCV2-seropositive receptor sows affects pregnancy outcome. The replication of PCV2 in embryos before the 21st day of pregnancy leads to embryonic death in most embryos.
However, in some embryos no or only a limited number of PCV2-positive cells were detected 14 days after inoculation.
